The advantages of InGaN light-emitting diodes with GaN-InGaN-GaN barriers are studied. The energy band diagrams, carrier concentrations in the quantum wells, radiative recombination rate in the active region, light-current performance curves, and internal quantum efficiency are investigated. The simulation results show that the InGaN/GaN-InGaN-GaN light-emitting diode has better performance over its conventional InGaN/GaN and InGaN/InGaN counterparts due to the appropriately modified energy band diagrams which are favorable for the injection of electrons and holes and uniform distribution of these carriers in the quantum wells. The III-nitride light-emitting diodes (LEDs) are promising a revolution in energy-efficient lighting to replace the conventional incandescent and fluorescent lamps.
The III-nitride light-emitting diodes (LEDs) are promising a revolution in energy-efficient lighting to replace the conventional incandescent and fluorescent lamps. [1] [2] [3] [4] However, the optical performance of III-nitride devices could be largely weakened by the polarization effect, which causes the strong band bending situation in the active region. 5 Moreover, the efficiency droop in III-nitride LEDs may be strongly influenced by the current injection efficiency. 6 Many methods toward improvement of the optical performance have been proposed, such as the usage of InGaN barriers, 7 AlInGaN barriers, 8 p-GaN/n-GaN barriers, 9 p-doped last barrier, 10 staggered quantum wells (QWs), [11] [12] [13] graded electron blocking layer (EBL), 14 InAlN EBL, 15 and InGaNdelta-InN QWs. 16 To date, this topic is still under intensive investigation.
Based on our previous study, when the conventional GaN barriers are replaced by the InGaN barriers in blue InGaN LEDs, the carrier injection may be enhanced due to the relatively small polarization effect between the barrier and well. 5, 17 However, when the InGaN barriers are utilized, the potential barrier height between the barrier and well decreases due to the reduced energy band gap of InGaN when compared to GaN. In this work, it is proposed that the original GaN barrier be divided into three parts, in which only the middle part of the GaN barrier is replaced by InGaN. This proposed barrier is referred as GaN-InGaNGaN barrier herein this study. With this design, it might be possible that the LEDs could be with reduced polarization effect between the barrier and well without the price of losing potential height for carrier confinement.
The numerical simulation is executed with an advanced simulation program, APSYS, which was developed by the Crosslight Software Inc. 18 The LED structure used as a reference is consisted of a c-plane 100-lm-thick undoped sapphire substrate, a 50-nm-thick undoped GaN buffer layer, a 4.5-lm-thick n-doped GaN layer with an n-doping concentration of 5 Â 10 18 cm , and a 0.5-lm-thick p-doped GaN cap layer with a p-doping concentration equal to that in EBL. The device geometry is 300 Â 300 lm 2 . The internal absorption within the LED device is set to be 500 m -1 and the light extraction efficiency is set to be 0.78 for good match between the experimental and simulation performance curves of the original LED structure. The Caughey-Thomas 19 approximation is employed for the mobility as a function of carrier density
where l min , l max , N ref , and a are fitting parameters according to the experimental mobility measurements. Other parameters can be found in our previous work. 7 In addition to the performance of the LED with proposed GaN-InGaN-GaN barriers, the characteristics of the LED with InGaN barriers are also discussed and compared in this study. The original GaN barriers have a thickness of 15 nm. The InGaN barriers are six 15-nm-thick In 0.05 Ga 0.95 N layers in which the indium composition is optimized according to the simulation results of our previous study. 17 The GaN-InGaN-GaN barriers are six 15-nmthick layers. Every layer comprises a 5-nm-thick GaN layer, a 5-nm-thick In 0.05 Ga 0.95 N layer, and a 5-nm-thick GaN layer. Schematic diagrams of the original structure and the structures with redesigned barriers are depicted in Fig. 1 . Figure 2 shows the energy band diagrams and quasiFermi levels of the LEDs with GaN barriers, InGaN barriers, and GaN-InGaN-GaN barriers at 300 mA. Figure 2(a) shows that the conventional InGaN/GaN LED suffers from polarization field, which leads to serious tilting of energy band. As indicated in Fig. 2(b) , for the structure with InGaN barriers, the lower potential height in valance band is beneficial for holes to transport into the active region. Notice that, in the conduction band, there exists two lowenergy points where the energy is below the quasi-Fermi level: the first one is at the interface between the n-doped GaN layer and the first barrier near n-side and the other one is at the interface between the last barrier near p-side and the EBL. It is also observed that, in the valence band, the quasi-Fermi level is well above the band edge of the first QW, which indicates that very few holes would be injected into this QW at 300 mA. On the other hand, as shown in Fig. 2(c) , the energy band diagram of the structure with GaN-InGaN-GaN barriers shows superior characteristics of our design. The problems mentioned above have been largely improved, i.e., the two low-energy points have been lifted to be around the quasi-Fermi level in the conduction band and the distance between the quasi-Fermi level and the band edge of the first QW becomes minimal in the valence band, due to the appropriately modified energy band diagrams.
The electron and hole concentration of the structures with GaN barriers, InGaN barriers, and GaN-InGaN-GaN barriers at 300 mA are shown in Fig. 3. Figure 3(a) shows that the conventional InGaN/GaN LED has plentiful electron leakage that results in the accumulation of electrons in the last QW near p-side. Contrarily, relatively large effective mass and low mobility of holes result in nonuniform distribution of holes in the QWs. Figure 3(b) shows the fruitful improvement of hole concentration; however, accumulation of electrons at the aforementioned two low-energy points is observed as expected. It is indicated in Fig. 3(c) that the hole concentration is markedly improved, except for the last QW, and the distribution of holes in the QWs becomes more uniform. In the meantime, the electron concentration is also largely enhanced and the distribution of electrons in the QWs becomes quite uniform as well. Figure 4 shows the radiative recombination rate of the LEDs with GaN barriers, InGaN barriers, and GaN-InGaN-GaN barriers at 300 mA. As expected, almost all the QWs can contribute to radiative recombination when the LED is with GaN-InGaN-GaN barriers. Figure 5 shows the light output power and internal quantum efficiency (IQE) as a function of current for the three LEDs structures under study. The simulation result indicates that the LED with GaN-InGaN-GaN barriers has the highest light output power and IQE at 300 mA. It is also noteworthy that relatively small efficiency droop is observed when the LED is with GaN-InGaN-GaN barriers. Thus, the LED with GaN-InGaN-GaN barriers is the best choice for high-power applications among the three LED structures under study.
In summary, the physical properties of the blue InGaN LEDS with GaN barriers, InGaN barriers, and GaNInGaN-GaN barriers are investigated numerically. The simulation results show that, among the three LED structures under study, the LED with GaN-InGaN-GaN barriers has the best optical performance because it has relatively high electron and hole injection efficiency, uniform distribution of electrons and holes in the QWs, high radiative recombination rate in the active region, and small efficiency droop. The major physical origin that is relevant to the improvement of aforementioned characteristics is presumably owing to the appropriately modified energy band diagrams which are favorable for the injection of electrons and holes and uniform distribution of these carriers in the QWs. This proposed LED structure is beneficial especially for the blue InGaN LEDs operated in high level of current injection. 
